Pine Island Glacier, a major outlet of the West Antarctic Ice Sheet, has been undergoing rapid thinning and retreat for the past two decades. We demonstrate, using glacial-geological and geochronological data, that Pine Island Glacier (PIG) also experienced rapid thinning during the early Holocene, around 8000 years ago. Cosmogenic 10 Be concentrations in glacially transported rocks show that this thinning was sustained for decades to centuries at an average rate of more than 100 centimeters per year, which is comparable with contemporary thinning rates. The most likely mechanism was a reduction in ice shelf buttressing. Our findings reveal that PIG has experienced rapid thinning at least once in the past and that, once set in motion, rapid ice sheet changes in this region can persist for centuries.
I
ce mass loss from the Pine Island-Thwaites sector dominates the contemporary contribution to sea level from the West Antarctic Ice Sheet (WAIS) (1, 2) . Pine Island Glacier (PIG) (Fig. 1A) in particular is currently experiencing considerable acceleration, thinning, and retreat (3) (4) (5) (6) . This has raised concerns over how much ice will be lost to the ocean before the ice stream stabilizes (5) (6) (7) (8) . Satellite altimetry measurements show an increase in rates of thinning of ice close to the PIG grounding line from 1.2 to 6 m year −1 between 2002 and 2007 (4, 9) . In addition, thinning has been detected 150 km upstream of the grounding line (10) . The pattern of change is best explained by a dynamic response to increased influx of warm water to the cavity under the ice shelf at the glacier front (11) (12) (13) (14) . However, the record of change-and our understanding of dynamic changes-over longer time scales of centuries to millennia is still limited. Consequently, there is considerable uncertainty associated with model projections of the future evolution of PIG and hence the rate and timing of future ice loss (15) . The geological record provides evidence of styles and rates of past ice sheet change that can provide constraints on the bounds of possible future change (16) . In the PIG region, the existing geological record consists largely of marine geological data describing grounding line retreat across the continental shelf (17) (18) (19) (20) (21) www.sciencemag.org SCIENCE VOL 343 28 FEBRUARY 2014 history of PIG (22) or how the ice stream evolved through the Holocene to the onset of present-day thinning.
Here, we report detailed glacial-geological evidence from the Hudson Mountains (Fig. 1B) for rapid thinning in the PIG system~8 thousand years ago (ka). We studied two nunataks, Mount Moses and Maish Nunatak, located close to the northern margin of PIG within 50 km of its present grounding line (Fig. 1B ). An unnamed outlet glacier flows through the Hudson Mountains and feeds into Pine Island Glacier ice shelf (Fig. 1B) . In common with many of the ice shelftributary glaciers along the Amundsen Sea coast, the outlet glacier is presently thinning rapidly (at a rate of 80 to 150 cm year −1 ) ( fig. S1 ) (4) . At times when the PIG grounding line was beyond Evans Knoll (~45 km seaward of its current position) (Fig. 1B) , the glacier would have been a tributary to PIG, and thus, changes in its elevation provide a proxy for past elevation changes of PIG. In this way, the Hudson Mountains provide a "dipstick" record of PIG thinning during formerly more advanced positions.
Glacial deposits at both sites consist of scattered erratic cobbles and boulders of granitic lithology resting on basaltic bedrock ( fig. S2 ) (23) . Highsensitivity 10 Be surface exposure dating (24) was undertaken on 12 erratics collected between 0 and 142 m above the present ice surface on the two nunataks ( fig. S3 ). Details of chemical procedures, isotopic data, and age calculations are given in (23) and tables S1 to S3. All but one sample-whose anomalously old exposure age (~15,800 years) (table S2) we attribute to reworking of a previously exposed cobble-yielded early Holocene 10 Be ages, in a narrow time interval from 6.0 T 0.2 to 8.1 T 0.3 ka (Fig. 2, A , B, and C). At Maish Nunatak, exposure ages at all elevations-a range of 100 m-are indistinguishable. At Mount Moses, the three highest samples yielded exposure ages that are not only indistinguishable over an elevation range of 60 m but are also indistinguishable from the ages at Maish Nunatak. By "indistinguishable," we mean that we cannot reject the hypothesis that the scatter of each group of ages around the mean results from measurement uncertainty alone (table S3) (23) . We interpret the ages as a record of thinning of the outlet glacier flowing through the Hudson Mountains. Given that an ice surface cannot lower infinitely fast, samples at higher elevations must have been exposed for longer than were samples at lower elevations. Our observation of indistinguishable exposure ages over a wide elevation range from two nearby nunataks can therefore only be explained by ice-sheet thinning that was sufficiently rapid to expose the samples instantaneously with respect to the precision of their exposure ages.
In order to determine the thinning rate at our sites, we fitted separate linear age-elevation models to the data from each nunatak (23) . Less than 20 km upstream of the modern grounding line, modeled thinning rates that best fit the exposure age data are 112 and 167 cm year −1 (Fig. 2D ). Our uncertainty analysis shows that these cannot be distinguished from contemporary thinning rates ( fig. S1 ). The early Holocene thinning rates are thus sufficiently high that they imply ice-dynamic change rather than thinning resulting from changes in accumulation and ablation. We infer that previous rapid thinning of the PIG system must have been sustained for several decades, and possibly centuries; our uncertainty analysis indicates 95% confidence that rapid thinning lasted longer than 25 years (23). If we assume that the early Holocene thinning was monotonic, the results of our fitting procedure suggest that by 7.9 ka, the ice sheet surface at Maish Nunatak had lowered to its present-day elevation, and rapid thinning at Mount Moses had ended ( fig. S4 ). The Maish Nunatak data place some constraint on the onset of contemporary thinning. If present rapid thinning rates 10 Be production rate; errors in estimating production rate would act to shift the entire array of ages equally, without changing the relationship between them. A 5,000 5,500 6,000 6,500 7,000 7,500 8,000 8,500 9,000 9,500 10,000
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Exposure age (yr) Elevation above modern ice (m) have been sustained for several decades, then the ice surface must have been considerably higher when it started. However, if the ice surface was even a few meters above present for a substantial period of the late Holocene, then we would observe erratics with much younger exposure ages at sites adjacent to the modern ice surface than those at higher elevations. Given that this is not the case, if the ice surface was above these samples between 7.9 ka and recent decades, it can only have been so for a time comparable with the precision of the exposure ages (~100 years). Thus, the most likely scenario consistent with our data is that the ice surface was near its present elevation (or possibly lower, because our observations cannot detect periods of thinner ice) between 7.9 ka and the onset of contemporary thinning.
The high thinning rates determined from our exposure ages imply an ice-dynamic change because drivers such as a decrease in accumulation rate or increase in atmospheric temperature would produce a slower response. Marine geological and geophysical studies show that the PIG grounding line had retreated to within, but had not stabilized at, 112 km of its present position (the core site is shown in Fig. 1B and fig. S5 ) by 11.7 T 0.7 ka (21), and that a ridge beneath PIG ice shelf (Fig.  1B and fig. S5 ) acted as a pinning point for the grounding line before the 1970s (7). Therefore, potential hypotheses for the mechanism of an early Holocene ice-dynamic change could be (i) rapid migration of the PIG grounding line resulting from decoupling from a topographic high or (ii) reduction in ice shelf buttressing.
First, we discuss the effect of subglacial topography. This can influence the style of ice stream retreat-for example, by providing topographic highs on which pinning can occur (25) and by constraining ice stream width (26, 27) . Although the marine geological data constrain retreat of the grounding line landward from the core site to the sub-ice shelf ridge only to sometime between 11.7 ka and the 1970s, they do not preclude that the retreat was associated with inland thinning at~8 ka. However, there are no topographic highs seaward of the sub-ice shelf ridge where the grounding line might have been pinned after 11.7 ka ( fig. S5 ) and from which detachment could have triggered the dynamic thinning inland. Therefore, although grounding line retreat may have been associated with the early Holocene thinning, decoupling of the PIG grounding line from a topographic high [hypothesis (i)] is unlikely to have been the trigger for it.
Alternatively, thinning may have been the consequence of reduction in buttressing by an ice shelf. Marine sediments have been used to infer the presence of an ice shelf across the middle shelf of the Amundsen Sea before~10.6 T 0.3 ka ( fig. S5A) (19) . Although the available chronological data cannot resolve when that ice shelf finally retreated into inner Pine Island Bay, one study suggests that it persisted there until~7 ka (19) . Glaciers in the Amundsen Sea Embayment and elsewhere in Antarctica have responded to recent ice shelf thinning with acceleration of flow, grounding line retreat, and thinning (14) . Similarly, subsequent retreat or weakening (such as by thinning) of a buttressing ice shelf in Pine Island Bay could have triggered the dynamic thinning in the Hudson Mountains at~8 ka. Reduction in ice shelf buttressing would most likely have been initiated by enhanced basal melting in response to inflow of warm Circumpolar Deep Water, as is suggested to account for present thinning (11) . We favor hypothesis (ii) as the most likely mechanism for early Holocene ice-dynamic change, but we cannot rule out more complicated mechanisms. For example, it is possible that thinning of the outlet glacier may be related to its separation from PIG.
These results have implications for understanding how the Pine Island-Thwaites sector of the WAIS is likely to evolve in coming decades to centuries. The knowledge that PIG has previously undergone sustained dynamic thinning, followed by relative stabilization over several millennia before the onset of contemporary thinning, suggests that the PIG system can respond quickly to environmental change by abrupt, discontinuous, and stepwise retreat. Continued thinning may lead to an even more dramatic response if a dynamic threshold, such as a critical ice shelf thickness or ice flow rate, is exceeded. In addition, the rate and magnitude of early Holocene thinning is consistent with model-based estimates of future PIG thinning sustained over the coming century (28, 29), a time scale over which the magnitude of sea-level rise most concerns policymakers. In a wider context, the pattern of abrupt past thinning of PIG contrasts with evidence for slower and steadier Holocene deglaciation of other regions of the WAIS (16, 30) , hinting that a considerable part of any WAIS contribution to sea-level rise in the early Holocene may have come from its Amundsen Sea sector.
The data presented here demonstrate that thinning of PIG at a rate comparable with that over the past two decades is rare but not unprecedented in the Holocene. Moreover, in contrast to previous glacial-geological work in Antarctica that has provided average thinning rates only over millennial time scales, our data are precise enough to show that rapid thinning of PIG was sustained for at least 25 years, and most likely for much longer. These data provide a long-term context for contemporary thinning of PIG, suggesting that ongoing ocean-driven melting of PIG ice shelf can result in continued rapid thinning and grounding line retreat for several more decades or even centuries.
